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The anomalous Hall effect is investigated for ferromagnetic Fe3Sn2 single crystal with geometri-
cally frustrated kagome bilayer of Fe. The scaling behavior between anomalous Hall resistivity ρAxy
and longitudinal resistivity ρxx is quadratic and further analysis implies that the AHE in Fe3Sn2
single crystal should be dominated by the intrinsic Karplus-Luttinger mechanism rather than ex-
trinsic skew-scattering or side-jump mechanisms. Moreover, there is a sudden jump of anomalous
Hall conductivity σAxy appearing at about 100 K where the spin-reorientation transition from the c
axis to the ab plane is completed. This change of σAxy might be related to the evolution of Fermi
surface induced by the spin-reorientation transition.
PACS numbers: 73.50.Jt, 75.47.-m, 75.50.Gg
I. INTRODUCTION
In magnetic materials, in addition to the ordinary Hall
effect originating from the deflection of moving charge
carriers by the Lorentz force in a magnetic field, there is
an anomalous term which is proportional to the spon-
taneous magnetization M . Although this anomalous
Hall effect (AHE) has been recognized for more than a
century,1 it is still a long-standing topic in condensed
matter physics which attracted great interest due to the
fundamental physics and great potential applications. It
is now widely accepted that there are three mechanisms
responsible for the AHE.2 Karplus and Luttinger first
proposed a model related to the band structure of fer-
romagnetic metals with the spin-orbit interaction (SOI)
to explain the AHE (intrinsic KL mechanism).3 In mod-
ern language, it has been reinterpreted as a manifesta-
tion of Berry-phase effects on occupied electronic Bloch
states.4,5 For this mechanism, the anomalous Hall resis-
tivity (ρAxy) scales quadratically with longitudinal resis-
tivity (ρxx). The AHE can also be induced by asymmet-
ric scattering of conduction electrons which are subject
to SOI. These extrinsic mechanisms for the AHE involve
skew-scattering and side-jump scattering ones.6,7 For the
former, the ρAxy is linearly proportional to ρxx. By con-
trast, the latter gives ρAxy ∝ ρ
α
xx (α = 2), similar to the
intrinsic mechanism.
Recently, the AHE of materials with frustrated struc-
ture and/or non-collinear magnetism, such as spin-ice
like ferromagnetic Nd2Mo2O7,
8 Pr2Ir2O7 with chiral
spin-liquid state,9 and non-collinear antiferromagnetic
Mn3Sn,
10 have attracted much attention. These systems
exhibit large AHE like in the traditional ferromagnet pos-
sibly due to the effects of Berry-phase originating from
the non-coplanar spin sites with spin chirality. These
studies deepen our understanding of the relation between
topological nature of the quantum states of matter and
its transport properties, however, the effects of frustrated
magnetism on the AHE, i.e., the interaction between lo-
calized spins in the frustrated lattice and itinerant elec-
trons, are still not fully solved because of limited mate-
rials systems and theoretical calculations until now.
Ferromagnetic Fe3Sn2 with geometrically frustrated
kagome bilayer of Fe is a good candidate to study this
issue. Previous neutron powder diffraction (NPD) and
Mo¨ssbauer spectra show that the Curie temperature of
Fe3Sn2 polycrystal is about 640 K and it may be a frus-
trated ferromagnet with a temperature-dependent non-
collinear spin structure.11–14 More surprisedly, Fe3Sn2
polycrystal exhibits AHE with unusual scaling relation-
ship between the anomalous Hall coefficient Rs and the
longitudinal resistivity ρxx, Rs ∝ ρ
3.15
xx , i.e., α = 3.15
when the M is almost unchanged with temperature.15
This large scaling index can not be explained by either
one of three mechanisms introduced above. Moreover,
theoretical calculation suggests that Fe3Sn2 could be a
model system to exhibit flat-band ferromagnetism, lead-
ing to the fractional quantum Hall states at high temper-
atures (maybe even room temperatures).16 These results
motivate us to study the AHE of Fe3Sn2 in detail. In this
work, we report the results of transport and magnetic
properties of Fe3Sn2 single crystal. Distinctly different
from α = 3.15 in polycrystal, the quadratically scaling
behavior between anomalous Hall resistivity ρAxy and ρxx
are observed in Fe3Sn2 single crystal and our analysis im-
plies that the main contribution of observed AHE should
originate from the intrinsic KL mechanism. The large
Hall conductivity might be intimately related to the topo-
logically nontrivial bands in Fe3Sn2, originating from the
ferromagnetism with geometrically frustrated kagome bi-
layer of Fe.
2FIG. 1. (a) Crystal structure of Fe3Sn2 (left) and kagome
layer of Fe atoms (right). The small red and big green balls
represent Fe and Sn atoms, respectively. (b) XRD pattern of
a Fe3Sn2 single crystal. Inset: photo of typical Fe3Sn2 single
crystals.
II. EXPERIMENTAL
Single crystals of Fe3Sn2 were grown by the self-flux
method with Fe : Sn = 4 : 96 molar ratio. Fe (purity
99.98 %) and Sn (purity 99.99 %) grains were put into
alumina crucible and sealed in quartz ampoule under par-
tial argon atmosphere. The sealed quartz ampoule was
heated to and soaked at 1323 K for 4 h, then cooled down
to 1043 K with 6 K/h. At this temperature, the ampoule
was taken out from the furnace and decanted with a cen-
trifuge to separate Fe3Sn2 crystals from Sn flux. X-ray
diffraction (XRD) of a single crystal was performed using
a Bruker D8 X-ray machine with Cu Kα radiation (λ =
0.15418 nm) at room temperature. Magnetization and
electrical transport measurements were carried out by
using Quantum Design PPMS-9 and MPMS-XL5. The
longitudinal and Hall electrical resistivity were performed
using a four-probe method on single crystals cutting into
rectangular shape with the dimensions of 1.9×1.5×0.4
mm3. The current flows in the ab plane of hexagonal
structure. For the measurement of Hall resistivity ρxy,
in order to effectively get rid of the longitudinal resistiv-
ity contribution due to voltage probe misalignment, the
Hall resistivity was obtained by the difference of trans-
verse resistance measured at the positive and negative
fields, i.e., ρxy(µ0H) = [ρ(+µ0H)− ρ(−µ0H)]/2.
III. RESULTS AND DISCUSSION
As shown in Fig. 1(a), the crystal structure of Fe3Sn2
is composed of Fe-Sn bilayer and Sn layer stacking along
the c-axis direction alternatively. In Fe-Sn bilayer, the
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FIG. 2. (a) Temperature dependence of the in-plane resistiv-
ity ρxx(T ) of Fe3Sn2 single crystal at zero field and 9 T along
the c axis. (b) Magnetoresistance of ρxx(µ0H) at 5 and 400 K
for H‖c. (c) Temperature dependence of magnetic suscepti-
bility χ(T ) for Fe3Sn2 single crystal in the high-temperature
region (300 - 850 K) with ZFC mode at µ0H = 0.1 T for
H‖ab and H‖c. Inset: corresponding dχ(T )/dT vs. T . (d)
Temperature dependence of χ(T ) with ZFC and FC modes
at µ0H = 0.01 T for both field directions. Inset: χ(T ) vs. T
with ZFC mode at µ0H = 2 T for both field directions.
Fe atoms form two kagome layers with two kinds of equi-
lateral triangles which have different Fe-Fe bond lengths
(0.2732 and 0.2582 nm for orange and blue ones, re-
spectively). The Sn atoms occupy the centers of the
hexagons in the kagome layers. Moreover, the triangles
of Fe atoms with small side length in two layers con-
nect each other and make up the octahedra of Fe atoms.
On the other hand, there is another Sn layers in between
two Fe-Sn bilayer. The Sn atoms in this layer form a two-
dimensional network of six-member ring connected each
other by edge-sharing, which is same as in graphene. Fig.
1(b) shows the XRD pattern of a Fe3Sn2 single crystal.
All of peaks can be indexed by the indices of (0 0 l) lattice
planes. It indicates that the crystal surface is parallel to
the ab plane and perpendicular to the c-axis. The inset
of Fig. 1(b) shows a photograph of typical Fe3Sn2 crys-
tals on a 1 mm grid paper. It can be seen that these
crystals have hexagonal shape with small thickness, con-
sistent with the layered structure and the rhombohedral
symmetry of Fe3Sn2 with space group R3¯m.
Electrical resistivity ρxx(T ) in the ab plane as a func-
tion of temperature for Fe3Sn2 single crystal is shown
in Fig. 2(a). The ρxx(T ) at zero field exhibits metal-
lic behavior with much smaller absolute value than that
of polycrystal,15 partially due to the absence of grain
boundary (GB) effects. The residual resistivity ratio
(RRR) that ρxx(300K)/ρxx(5K) is about 21, indicating
the high quality of sample. At µ0H = 9 T, the metal-
lic behavior of ρxx(T ) is almost unchanged (Fig. 2(a)).
But the signs of magnetoresistance (MR = (ρxx(µ0H)−
ρxx(0))/ρxx(0) = ∆ρxx/ρxx(0)) at low and high temper-
3atures are opposite (Fig. 2(b)).The MR at 5 K is positive
and reaches about 80 % at µ0H = 9 T. In contrast, there
is a negative MR with small value (∼ 2 % at µ0H = 9 T)
at 400 K. The positive MR at low temperature should
be originate from the Lorenz force caused by magnetic
field on the carrier motion. On the other hand, The neg-
ative MR becomes obvious at high temperature near Tc,
because of the suppression of spin scattering in ferromag-
netic Fe3Sn2 by applying a magnetic field. Moreover, it
can be seen that there is a slope change of ρxx(µ0H) at
µ0H ∼ 0.7 T, because the magnetization of Fe3Sn2 be-
comes saturated when field further increases. In other
words, once the magnetic moment is saturated, further
increase of field will have much weaker influence on the
alignment of spin, the change of MR with field would also
become smaller.
High-temperature magnetic susceptibility χab(T ) and
χc(T ) with zero-field-cooling (ZFC) mode at µ0H = 0.1
T for H‖ab and H‖c are shown in Fig. 2(c). There
are sharp increases for both χab(T ) and χc(T ), corre-
sponding to the ferromagnetic transition in Fe3Sn2. The
Curies temperature Tc determined from the peaks of
dχab(T )/dT and dχc(T )/dT is about 641 and 643 K, re-
spectively (inset of Fig. 2(c)). It is very close to the
Tc of Fe3Sn2 polycrystal.
14 Surprisedly, when tempera-
ture is below Tc, the χ(T ) start to decrease with tem-
perature for both field directions at beginning and then
increase when T < T ∗ (∼ 423 K). This behavior is also
observed in Fe3Sn2 polycrystal with slightly different T
∗
and it was ascribed to the rotation of the Fe moments
from the c axis to the ab plane with decreasing tem-
perature, consistent with previous results of NPD and
Mo¨ssbauer spectra.11–14 When T < 100 K, the ZFC and
field-cooling (FC) χ(T ) curves for both field directions
at µ0H = 0.01 T (Fig. 2(d)) still almost overlap with
only slight differences between each other. It is different
from the obviously branching behavior between ZFC and
FC χ(T ) curves of Fe3Sn2 polycrystal in which there is a
spin glass (SG) state appearing below 80 K.14 The much
weaker branching behavior in single crystal than in poly-
crystal implies that there may be a frustrated state rather
than SG state because of the spin disorder at GBs in
polycrystal might have significant influence on magnetic
properties at low temperature. On the other hand, the
χc(T ) exhibits more obviously downturn behavior, which
could be ascribed to the accelerated process of spin re-
orientation from the c axis to the ab plane.13 When field
increases to 2 T, both χab(T ) and χc(T ) exhibit typical
ferromagnetic behavior in the whole temperature range
(inset of Fig. 2(d)), similar to previous results.12 It im-
plies that the spin reorientation process is suppressed by
the high magnetic field.
Fig. 3(a) exhibits the effective field dependence of
magnetization M(µ0Heff) at various temperatures be-
tween 5 and 350 K forH‖c. Here µ0Heff = µ0(H−NdM),
where Nd is the demagnetizing factor and the calculated
value of Nd is 0.65. Because of T < Tc, the shape of
M(µ0Heff) curves is typical for ferromagnets, i.e., a rapid
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FIG. 3. (a) Effective field dependence of magnetization
M(µ0Heff) and (b) Hall resistivity ρxy(B) as a function of
magnetic induction B for Fe3Sn2 single crystal at various tem-
peratures when H‖c. The blue dashed line in (b) is the linear
fit of ρxy(B) at high-B region when T = 350 K.
increase at low field region with a saturation in higher
magnetic fields because most of Fe moments have been
aligned along the field direction. The saturation magne-
tization Ms increases with decreasing temperature, well
consistent with the temperature dependence of χc(T )
curve at µ0H = 2 T (inset of Fig. 2(d)) as well as the
trend of magnetic moment obtained from NPD.11 But
it is in sharp contrast to the results of M(µ0Heff) for
Fe3Sn2 polycrystal in which theMs becomes smaller with
decreasing temperature. On the other hand, the Ms at
the lowest measuring temperature (5 K) for H‖c is about
2.1 µB/Fe, in good agreement with those values in the
literature.11,12,14,15.
Hall resistivity ρxy(B) as a function of magnetic in-
duction B for Fe3Sn2 single crystal at various tempera-
tures is shown in Fig. 3(b). Here B = µ0(Heff +M) =
µ0(H + (1 − Nd)M). The ρxy(B) increases quickly to
certain saturated values at low B region. With increas-
ing B further, the ρxy(B) decreases slightly and the B
dependence of ρxy(B) is almost linear, i.e., the ρxy(B)/B
is constant. On the other hand, when lowering tempera-
ture, the saturated value of ρxy(B) becomes smaller grad-
ually. These behaviors are qualitatively consistent with
the results in Fe3Sn2 polycrystal, however, the saturated
values at each temperature are much larger than those for
4polycrystal.15 This difference can be partially ascribed to
the effects of GB scattering on ρxy(B). Moreover, at 5 K,
the inflecting behavior of ρxy(B) becomes very small and
the high-B value is negative, suggesting that the domi-
nant carrier in Fe3Sn2 is electron. It should be noted that
the saturated value of ρxy(B) for Fe3Sn2 single crystal at
350 K is enormous, much larger than that of typical itin-
erant ferromagnets, such as Fe and Ni.17,18 There is a
similarity between the shapes of ρxy(B) and M(µ0Heff)
curves. It clearly indicates that there is an AHE in itin-
erant ferromagnet Fe3Sn2.
In general, the Hall resistivity ρxy in the ferromagnets
is made up of two parts,15
ρxy = ρ
O
xy + ρ
A
xy = R0B +Rsµ0M (1)
where ρOxy and ρ
A
xy is the ordinary and anomalous Hall
resistivity, respectively. R0 is the ordinary Hall coef-
ficient from which apparent carrier concentration and
type can be determined (R0 ∼ −1/|e|na), and Rs is the
anomalous Hall coefficient. As shown in Fig. 3(b), the
values of R0 and ρ
A
xy in principle can be determined from
the linear fit of ρxy(B) curve at the saturation region.
The slope and y-axis intercept is corresponding to the
R0 and ρ
A
xy, respectively. The Rs can be obtained by
using the formula ρAxy = Rsµ0Ms with the Ms taken
from the M(µ0Heff) curves at µ0Heff = 2 T (Fig. 3(a)).
The R0(T ) is negative at various temperature, in con-
trast to the positive Rs(T ) (Fig. 4(a) and (b)). The
former confirms that the electron-type carrier is domi-
nant. The R0(T ) shows weak temperature-dependence
above 100 K. When T < 100 K, the absolute value of R0
becomes larger. Using the values of R0, the na is evalu-
ated (inset of Fig. 4(a)). It is insensitive to the temper-
ature (∼ 1.8×1022 cm−3, corresponding to 1.47 carriers
per Fe3Sn2) when T > 150 K and increases slightly with
decreasing temperature down to 100 K. Then the na(T )
reduces sharply with further lowering temperature be-
low 100 K. The strong variation of na(T ) below 100 K
is possibly due to the influence of spin reorientation on
Fermi surface, leading to the change of carrier concen-
tration. On the other hand, the Rs(T ) decreases with
decreasing temperature monotonically and approaches to
almost zero at low temperature (Fig. 4(b)). The value
of Rs at 0.5T/Tc (∼ 320 K) is about 1×10
−9 Ω cm G−1,
somewhat larger than Fe3Sn2 polycrystal.
15 Importantly,
at same reduced temperature, Fe3Sn2 single crystal has
about two orders of magnitude large Rs when compared
to the conventional itinerant ferromagnets, such as pure
Fe and Ni.17,18
Fig. 4(c) shows the scaling behavior of ρAxy vs. ρxx.
There is a jump at about 100 K corresponding to the tem-
perature where the process of spin reorientation from the
c axis to the ab plane is almost completed, as observed in
the χ(T ) curves. Using the formula ρAxy = βρ
α
xx, the fits
for T ≥ 100 K and T < 100 K give α1 = 1.92(2) and α2 =
1.94(5), respectively. Both nearly quadratic relationships
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between ρAxy and ρxx clearly indicates that the intrin-
sic KL or extrinsic side-jump mechanism dominates the
AHE in Fe3Sn2 single crystal rather than extrinsic skew-
scattering mechanism which will give the linear relation-
ship between ρAxy and ρxx. By contrast, the Fe3Sn2 poly-
crystal exhibits the scaling behavior with much larger
α (= 3.15),15 similar to those has also been observed in
some inhomogeneous systems, such as Fe/Cr multilayers,
Co-Ag granular films.20,21 Zhang22 proposed that in the
magnetic multilayered systems, the ρAxy will depend on
the ratio of relaxation times or scattering potentials in
magnetic and nonmagnetic layers in the long mean-free
path limit where the mean-free path λ is much larger
than the layer thickness, and the scaling behavior with
α = 2 will breakdown. This is one of possible expla-
nations for the large α in Fe3Sn2 polycrystal when re-
garding the spin-disordered GBs and the gains of Fe3Sn2
as the nonmagnetic and magnetic layers, and the λ is
comparable or larger than the thickness of GB layer or
gain size. By contrast, although the λ of single crystal is
larger than that of polycrystal, Fe3Sn2 single crystal can
be regarded as a uniform magnet. It is more homoge-
neous than polycrystal without any heterostructure like
GBs and the crystal size should be much larger than the
λ. Thus, the local limit is valid and the anomalous Hall
conductivity (AHC) σAxy (≈ −ρ
A
xy/ρ
2
xx = −Rsµ0M/ρ
2
xx)
is independent of the scattering potential or the relax-
ation time, i.e., α = 2 for Fe3Sn2 single crystal.
Temperature dependence of σAxy is shown in Fig. 4(d).
Above 100 K, the σAxy is about -170 Ω
−1 cm−1, insensi-
tive to temperature. When T is below 100 K, it increases
quickly to about -400 Ω−1 cm−1. This variation is also
reflected in the scaling relationship between ρAxy and ρxx,
5leading to the jump of prefactor β significantly because
the M is almost unchanged with temperature between
5 and 350 K. Theoretically, the intrinsic contribution of
|σAxy,in| is of the order of e
2/(ha), where e is the elec-
tronic charge, h is the Plank constant and a is the lattice
constant.23 Taking a = V 1/3 ∼ 12.8 A˚ approximately,
the |σAxy,in| is ∼ 302 Ω
−1 cm−1, close to the value of
|σAxy| at 5 K (∼ 402 Ω
−1 cm−1). By contrast, the ex-
trinsic side-jump contribution of |σAxy,sj | has been shown
to be on the order of (e2/(ha)(εSO/EF ), where εSO and
EF is the SOI and Fermi energy, respectively.
24 Since the
εSO/EF is usually less than 10
−2 for the metallic ferro-
magnets, the extrinsic side-jump contribution should be
small and the AHE of Fe3Sn2 is dominated by the intrin-
sic Berry-phase KL contribution. It would be interesting
to carry out the theoretical calculation to verify this anal-
ysis, as did for bcc Fe and SrRuO3.
25,26 The dramatic
increase of the σAxy at 100 K is unclear at present. Since
the large contribution to σAxy,in comes from the enhanced
Berry curvature near the avoided crossings of band dis-
persions at EF which only occur in very small regions
of k space, the σAxy,in is very sensitive to the topology
of Fermi surface.25 The subtle changes of Fermi surface
could happen due to the spin-reorientation transition be-
low 100 K, leading to the variation of σAxy. The decrease
of na also reflects this change of Fermi surface to some
extent (inset of Fig. 4(a)).
For the intrinsic AHC, the |σAxy,in| is proportional to
the M ,27,28 the scaling coefficient SH = µ0Rs/ρ
2
xx =
−σAxy/M should be constant and independent of tem-
perature. As shown in the inset of Fig. 4(d), when T is
away from 100 K, the SH is nearly constant, confirming
the intrinsic KL mechanism is dominant contribution of
AHE. The sudden change of SH at ∼ 100 K is related to
the evolution of |σAxy,in|. The value of SH is comparable
with those in the traditional itinerant ferromagnets, such
as Fe and Ni (SH ∼ 0.01 - 0.2 V
−1).29,30 Thus, even there
is rather large Rs in Fe3Sn2 single crystal in contrast to
Fe and Ni, the larger ρxx in the former leads to similar
values of SH in these materials.
Previous theoretical studies predicted that an inte-
ger or fractional quantum Hall (IQH or FQH) states
can appear at high temperature in the ferromagnet with
the two-dimensional geometrically frustrated kagome
lattice.16,31 The IQH is corresponding to the fully filled
flatband with a nonzero Chern number and the FQH
state results from the 1/3 or 1/2 filling of that band.
Tang et al. proposed that Fe3Sn2 is one of possible mate-
rials realizing these QH states.16 Present study indicates
that instead of the appearance of QH states, the intrin-
sic AHE exists in Fe3Sn2. The metallic behavior and the
different filling of the flatband in Fe3Sn2 from theoreti-
cally required 1/3 or 1/2 filling could be related to the
absence of IQH or FQH states. Moreover, the finite in-
terlayer interaction between kagome bilayer of Fe could
also have some influences on the band gap ∆, electron-
electron interaction U and band width W and the condi-
tion of ∆≫ U ≫W favoring the FQH state may not be
satisfied. Because the AHE can be regarded as the un-
quantized version of the QH effect once the Fermi energy
is not lying in the gap,2,32 both of the AHE observed in
experiment and the QH states predicted by theory reflect
the nontrivial topology of bands for the ferromagnetic
system with geometrically frustrated kagome lattice.31
IV. CONCLUSION
In summary, we successfully grow the Fe3Sn2 single
crystal using the self-flux method. The Fe3Sn2 contains
geometrically frustrated kagome bilayers of Fe and has a
ferromagnetic transition at about 640 K followed by an-
other spin-reorientation transition from c axis to ab plane
at the lower temperature. The transport and magnetic
measurement indicates that Fe3Sn2 single crystal exhibits
a scaling relationship between ρAxy and ρxx, ρ
A
xy ∝ ρ
2
xx.
The detailed analysis suggests that the AHE should be
dominated by the intrinsic KL mechanism and there is
a large σAxy. Further theoretical calculation is highly ex-
pected in order to clarify whether such large σAxy is related
to the topologically nontrivial bands in Fe3Sn2, which
originates from the ferromagnetism with geometrically
frustrated kagome bilayer of Fe. Moreover, although the
QH states are absent in the undoped Fe3Sn2, adjusting
the band filling by doping could be a way to realize the
theoretically predicted QH states. On the other hand,
the σAxy exhibits a sudden change at about 100 K, corre-
sponding to the ending temperature of spin-reorientation
transition. This jump of σAxy is tentatively explained by
the evolution of Fermi surface.
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